Nowadays, increased interest among the scientific community to explore the Calophyllum inophyllum as alternative fuels for diesel engines is observed. This research is about using mixed Calophyllum inophyllum-palm oil biodiesel production and evaluation that biodiesel in a diesel engine. The Calophyllum inophyllum-palm oil methyl ester (CPME) is processed using the following procedure: (1) the crude Calophyllum inophyllum and palm oils are mixed at the same ratio of 50:50 volume %, (2) degumming, (3) acid-catalysed esterification, (4) purification, and (5) alkaline-catalysed transesterification. The results are indeed encouraging which satisfy the international standards, CPME shows the high heating value (37.9 MJ/kg) but lower kinematic viscosity (4.50 mm 2 /s) due to change the fatty acid methyl ester (FAME) composition compared to Calophyllum inophyllum methyl ester (CIME). The average results show that the blended fuels have higher Brake Specific Fuel Consumption (BSFC) and NO x emissions, lower Brake Thermal Efficiency (BTE), along with CO and HC emissions than diesel fuel over the entire range of speeds. Among the blends, CPME5 offered better performance compared to other fuels. It can be recommended that the CPME blend has great potential as an alternative fuel because of its excellent characteristics, better performance, and less harmful emission than CIME blends.
Introduction
Petroleum derived fuels are the main source of primary energy consumption worldwide. Because of the negative impact and limited reserve of fossil fuels, scientists have focused on the new sources of energy to replace the fossil fuel [1, 2] . Renewable energy sources have been proven to create less or zero-emission energy generation and can play an important role to lower fossil fuel consumption [3] . In many countries, different types of renewable energy sources including solar, wind, hydro, geothermal, bioenergy and biofuel has been introduced [4] [5] [6] [7] [8] [9] . However, some renewable energy, including wind and solar, are only available for a certain time and period and therefore energy storage is required for these kinds of sources [10] . Due to this problem, researchers attempt to find other types of energy storage material that can be commercialized [11] [12] [13] [14] . Therefore, some scientists, especially in developing countries are more interested in the energy sources that can be kept for a long period, such as bioenergy, bioethanol, and biodiesel [15] [16] [17] . Biodiesel is one renewable energy source, which can significantly lower emissions due to fossil fuel combustion that create air pollution, global warming, and acid rain [18] . Biodiesel sources include soybean oil, sunflower oil, palm oil and cottonseed oil, Jatropha curcas oil, mahua (Madhuca indica) oil, jojoba (Simmondsia chinensis) oil, tobacco seeds, salmon oil, tamanu (Calophyllum inophyllum) oil, sea mango oil (Cerbera odollam), and microalgae [19] [20] [21] [22] .
Palm oil has been commonly used in Malaysia and Indonesia as a biodiesel source due to its availability and favorable characteristics [23] . The productive lifetime of palm oil is around 25 years and it has to be replanted after that period [20] . Palm oil can yield methyl ester over 80%. Since 2006, the Indonesia government has paid attention to biodiesel as part of the National Security Act of Indonesia because of world crude oil price fluctuation. It is also supported because Indonesia is the largest crude palm oil (CPO) producer. However, until 2010, the Indonesia government failed to achieve biodiesel blending targets due to the increase in the world crude palm oil price and decrease in the crude oil price. As an impact, the biodiesel price has been not competitive compared to the diesel fuel price [24] . As Ong at al. [19] reported on sensitivity analysis that differences in the price of sources will have considerable impact on the life cycle cost of biodiesel by at least 79%. However, many new policies were introduced in 2014 by the Indonesian government to promote the use of biodiesel. Ong at al. [25] suggested that a financial incentive and subsidy policy should be enforced to make the price of biodiesel competitive to diesel fuel. However, based on a cost-benefit analysis (CBA), this will enhance the net benefit of palm oil plantation and biodiesel producers but will lessen the net welfare for society and the government of Indonesia. Therefore, the policy in the future will focus on reducing costs that improve the net social benefit [24] .
Calophyllum inophyllum seed is an inedible oil source, which has a high oil content. Therefore, Calophyllum inophyllum seed is also a potential feedstock for biodiesel fuel [19] in Indonesia and Malaysia due to its abundant availability. This feedstock is a biodiverse plant that was previously known as a medicinal source due to its high antioxidant content [26] . However, Calophyllum inophyllum is grouped into high-acid-number feedstocks that allow biodiesel production to be equipped with special treatments, such as triple-stage transesterification, degumming, and neutralization [6] . In fact, Calophyllum inophyllum biodiesel has a poor oxidation stability because it has about 72.65% of unsaturated fatty acids that make this fuel unfavourable for long-term storage [27] . Excessive chemical treatment for minimizing total acid number (TAN) in oil refining may lead to a reduction of antioxidant content and oxidation stability [28] . Recently, some experiments reported that the antioxidant addition into biodiesel has improved its oxidation stability.
However, recently many studies have been reported on the fractional replacement of conventional fuel by palm and CIME. There are not many studies that have been reported on the prospect of palm and Calophyllum inophyllum biodiesel mixture. In this work, palm and Calophyllum inophyllum oil were mixed prior to the biodiesel production process and compared their performance with conventional fuel in a diesel engine. This method is believed to be able today reduce the chemical process during the acid value reduction of Calophyllum inophyllum-palm oil compound. Moreover, the objective of this study is also to investigate the engine performance (specifically, the Brake Specific Fuel Consumption (BSFC) and Brake Thermal Efficiency (BTE) and exhaust emission characteristics NO x , HC, and CO emissions) of Calophyllum inophyllum-palm biodiesel mixture. It is expected that there is a potential for these blends to be commercialized in Indonesia and Malaysia due to the abundant supply of Calophyllum inophyllum seed oil and palm oil in these countries.
Materials and Methods

Crude Oils
Crude Calophyllum inophyllum oil and palm oils were purchased from a local store in Kuala Lumpur, Malaysia. The crude Calophyllum inophyllum and palm oils were mixed at 50:50 equal volume % in order to produce the CPME.
Production of CPME
Firstly, the blend was prepared by mixing 1 L of the crude oil from each source with 1 % of phosphoric acid (H 3 PO 4 , Merck Sdn. Bhd., Kuala Lumput, Malaysia) and 10 % of purified water (v/v) for 30 min. The crude oil mixture was degummed at 60 • C with an agitation speed of 800 rpm. The degumming process is essential to remove impurities and compounds (i.e., resins, proteins, phosphates, carbohydrates, and water residue). Next, acid-catalysed esterification was conducted. The details of the esterification process can be found in Silitonga et al. [29] . Molar ratio and catalyst percentage influence the esterification process of the oils [30] . In this study, it displayed the optimum molar ratio and H 2 SO 4 catalyst (Merck Sdn. Bhd., Kuala Lumpur, Malaysia) concentration are 1:16.6 and 2.0 vol.%, respectively, since these parameters result in the highest esterified oil yield and fastest reaction time. According to [31] , the presence of excess water can increase the formation of peroxides and increase the free fatty acid content of esterified oils. Thus, purification is crucial to remove excess water, which can be done by evaporation using a rotary evaporator, followed by the separation process with a separating funnel [32, 33] .
For this experiment, the esterified Calophyllum inophyllum-palm oil was purified by stirring the oil in a rotary evaporator (RV10 DIGITAL V IKA, Germany) at 60 • C with a stirring speed of 100 rpm for 30 min. The maximum pressure of the rotary evaporator was 7.2 MPa (72 bars). Following this, the esterified Calophyllum inophyllum-palm oil was poured into a separating funnel for the settling and left for 18 h. Karmakar et al. [21] also found that the high temperature of the purification process results in hydrolysis of the triglycerides, which in turn, removes water from the esterified oil.
Next, transesterification was done by mixing the esterified oils with 50% of methanol and 0.5 volume % of sodium hydroxide (KOH, Merck Sdn. Bhd., Kuala Lumpur, Malaysia) catalyst. The reaction mixture was stirred continuously in a jacketed reactor for 90 min maintaining the temperature at 60 • C. On the completion of the transesterification, the mixture was left for 4-6 h in a funnel. There are two distinct layers of liquid formed in the funnel where biodiesel was in the top and glycerol at the bottom. The glycerol was drained out from the funnel and biodiesel was washed by using sanitized water for a number of times in order to further remove impurities. The similar purification process was maintained both for the esterification and transesterification process.
Production of Methyl Ester
The CIME and palm oil methyl ester (POME) were prepared in the same manner. The crude Calophyllum inophyllum and palm oils were first degummed to remove impurities. The degummed oils were then esterified under the following process conditions: (1) reaction temperature; 60 • C, (2) stirring speed; 800 rpm, (3) reaction time; 60 min, (4) oil-to-methanol molar ratio; 1:16.6, and (5) H 2 SO 4 catalyst concentration; 1.0 vol.%. The esterified oils were then purified to remove extraneous water present in the oils. Next, the purified Calophyllum inophyllum and palm oils were transesterified under the following process conditions: (1) reaction temperature; 60 • C, (2) stirring speed; 800 rpm, (3) reaction time; 90 min, (4) oil-to-methanol ratio; 1:8, and (5) catalyst-KOH with concentration; 0.5 vol.%. Likewise, the reaction mixtures were left to settle in separating funnels for 4-6 h after the transesterification process. In the final step, the CIME and POME were cleaned using sanitized water several times.
Characteristics of the CPME
The characteristics (i.e., density, kinematic viscosity (KV), flash point (FP), acid value(AV), high heating value (HHV), FAME content, and oxidation stability of the CPME and its blends were examined and compared to diesel, POME, CIME, as well as their blends. The FAME content was determined by employing a gas chromatograph-mass spectrometer (Model: GCMS-QP2010 Ultra, Shimadzu, Japan) fitted with a low-bleed GC-MS column (Model: RTX-5MS, RESTEK, Tokyo, Japan) details operating condition can be found elsewhere [34] . The temperature of the flame ionization detector and split injector was 300 • C. The biodiesels chemical and physical properties are collected from literature as a comparison.
The FAME content in per cent (%) determined by the following Equation:
Here, A is the summation of the peak areas of FAME, A EI is the methyl heptadecanoate peak area, which is the internal standard, C EI is the methyl heptadecanoate solution concentration in heptane (mg/mL), V EI is the methyl heptadecanoate solution volume (mL) and m is the methyl ester mass (mg).
The percentage (%) of the methyl ester yield can be calculated by the following Equation:
Methyl
The FAME is the fatty acid methyl ester content (%), B cp is the Calophyllum inophyllum-palm oil methyl ester weight (g) and O so is the weight of the Calophyllum inophyllum-palm mixed oil (g).
Experimental Set-Up
Engine tests were done to study the engine performance and the characteristics of exhaust emission for CPME blends and CIME blends and the data collected compared to diesel fuel. These fuel blends were prepared in this study: (1) CPME5, (2) CPME10, (3) CIME5, and (4) CIME10. In this study, the performance parameters BSFC and BTE whereas the exhaust gases parameter NO x , HC, and CO were measured. A single-cylinder diesel engine (Yanmar YX2500CX-A 170F, Osaka, Japan) was used to investigate the performance that set in full throttle. The engine speed varied from 1400 to 2800 rpm. A BOSCH BEA 350 gas analyser was used in order to measure the emissions. The detail of the engine test-bed and emission analyser is given in Table 1 . 
Uncertainties of the Experimental
Generally, the uncertainties of the experiment happened due to several reasons, namely: (1) instruments type and condition, (2) instruments calibration, (3) environmental conditions, and (4) procedure of experimental. To make sure the accuracy of the data between the limit, therefore the accuracy of the experimental data should be verified. Consequently, the uncertainties percentage of selected variables, namely BSFC, BTE, CO, NO x , and HC were investigated according to the instrument's percentage uncertainties employed in the experiments. The speed accuracy, fuel consumption flowrate and time, which were ±10 rpm, ±1%, and ±0.1 s, respectively. The BSFC uncertainty was investigated by the uncertainty linearized approximation method. The details of % of uncertainties are given in Table 2 . 
Results and Discussion
Physicochemical Properties
The properties for POME, CIME, CPME, and their blends are given in Table 3 . It is seen that the density of the CPME (880 kg/m 3 ) is lower than that for CIME (884 kg/m 3 ). The KV of the CPME was found lower than that for CIME and similar to that for POME (4.4 mm 2 /s). In general, the KVs for CPME, CIME, and POME are inline with ASTM D6751 limit. The FP of CPME is 160 • C, which is above the limit of ASTM D6751 standard. The higher FP is important as it reduces the fire hazard risk, which is the main concern on fuels to handle, transport, and store [35] . However, the HHV of the CPME (37.9 MJ/kg) is found to be greater than CIME and POME (37.3 and 36.4 MJ/kg, respectively). 
Fatty Acid Methyl Ester (FAME) Composition
The FAME compositions of the CIME, POME, and CPME are summarized in Table 4 . In general, all of these biodiesels have high palmitic acid content. However, the POME has a higher percentage of oleic acid, whereas the CPME has a higher percentage of antioxidants, such as methyl palmitic acid (C16:0), stearic acid (C18:0), linoleic acid (C 18 H 36 O 2 ), and 9-Octadecene,1-methoxy-, (E) (C 19 H 38 O) [34] . Moreover, the CPME has a high oleic acid percentage (C18:1), with a value of 52.94 wt.%, which also serves as a lubricant. Table 4 . Fatty Acid Methyl Ester (FAME) composition of Calophyllym inophyllum Methyl ester, CIME, Palm Oil Methyl Ester (POME), and Ceiba Pentandra Methyl ester (CPME). Figure 1 shows the BSFC for diesel, CPME and CIME biodiesel blends at various engine speeds. It can be observed that all the blended fuel have higher BSFC compared to the diesel fuel except CPME5 blend. On average, biodiesel blended fuels have 16%-21% higher BSFC than diesel fuel. This finding is consistent with the literature [36] [37] [38] . Öztürk et al. [38] investigated the mixture of canola oil-hazelnut soap stock biodiesel-diesel and they found that the BSFC of blend fuel is more than the diesel fuel. The combined effects of the density, KV and HHV of the fuel caused that result [39] . During the suction stroke, biodiesel is injected on a volume basis; thus more fuels are fed inside the cylinder [40] . Consequently, more fuel is needed in order to achieve the same power because the HHV of biodiesel is lower than diesel. Among the blends, the average BSFC was highest for CIME10 blend (2.58 Ltr/kWhr) and lowest for CIME5 (2.21 Ltr/kWhr), which can be attributed by the HHV of the CIME10 blends. According to the data presented in Table 3 , fuel sample CIME10 have a slightly higher heating value (43.9 MJ/kg) compared with CPME5 (43.1 MJ/kg).
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Nitrogen Oxide Emissions (NO x ) Emission
The nitrogen oxides emissions in exhaust consist of nitric oxide (NO) and nitrogen dioxide (NO 2 ). Figure 3 shows the NO x emissions for diesel, and the CPME and CIME biodiesel blends at various engine speeds. It is evident that the NO x emissions increase with an increase in engine speed. It is clear that biodiesel blended fuels give more NO x emissions compared to diesel fuel. A similar report was found in the literature [43] for B7 and B100. The average NO x for diesel fuel was found to be 112 ppm, which is 1.5%-29% higher than the blended fuels. This can be explained by the lean air/fuel ratio because biodiesel fuel has more inherent oxygen than diesel fuel. It has been reported that oxygenated fuel blends cause higher NO x emissions [36] . Also, the higher KV of the biodiesel fuel leads to bigger droplets and shorter ignition delays, which affects the NO x emission [44] . In addition, the unsaturated fatty acid content of biodiesels leads to fuels higher adiabatic flame temperature than diesel fuel, which causes higher NO x emission [43] .
Processes 2019, 7, 597 9 of 13 various engine speeds. It is evident that the NOx emissions increase with an increase in engine speed. It is clear that biodiesel blended fuels give more NOx emissions compared to diesel fuel. A similar report was found in the literature [43] for B7 and B100. The average NOx for diesel fuel was found to be 112 ppm, which is 1.5%-29% higher than the blended fuels. This can be explained by the lean air/fuel ratio because biodiesel fuel has more inherent oxygen than diesel fuel. It has been reported that oxygenated fuel blends cause higher NOx emissions [36] . Also, the higher KV of the biodiesel fuel leads to bigger droplets and shorter ignition delays, which affects the NOx emission [44] . In addition, the unsaturated fatty acid content of biodiesels leads to fuels higher adiabatic flame temperature than diesel fuel, which causes higher NOx emission [43] . Figure 4 shows the CO emissions of all fuel samples at various engine speeds. The results indicate that the CO emissions are generally fewer for the biodiesel blends than the diesel fuel. Among the fuel samples, biodiesel fuel lowers 5% to 15% CO emission on average compared to the diesel fuel. The reason is described by the higher oxygen content of the biodiesels, which results in Figure 4 shows the CO emissions of all fuel samples at various engine speeds. The results indicate that the CO emissions are generally fewer for the biodiesel blends than the diesel fuel. Among the fuel samples, biodiesel fuel lowers 5% to 15% CO emission on average compared to the diesel fuel. The reason is described by the higher oxygen content of the biodiesels, which results in cleaner, better combustion [45, 46] . CO is formed due to the incomplete combustion of the fuel due to insufficient oxygen or low gas temperature. As mentioned earlier, biodiesel fuel has a 12% higher oxygen content than diesel fuel, which accepts more carbon molecules to be burnt completely [36] . 9 Figure 3 . Changes in Nitrogen Oxide (NOx) emissions of diesel, CPME, and CIME blends with speeds. Figure 4 shows the CO emissions of all fuel samples at various engine speeds. The results indicate that the CO emissions are generally fewer for the biodiesel blends than the diesel fuel. Among the fuel samples, biodiesel fuel lowers 5% to 15% CO emission on average compared to the diesel fuel. The reason is described by the higher oxygen content of the biodiesels, which results in cleaner, better combustion [45, 46] . CO is formed due to the incomplete combustion of the fuel due to insufficient oxygen or low gas temperature. As mentioned earlier, biodiesel fuel has a 12% higher oxygen content than diesel fuel, which accepts more carbon molecules to be burnt completely [36] . 
Carbon Monoxide (CO) Emissions
Hydrocarbon (HC) Emissions
The comparison of emission among the fuel samples related to HC is presented in Figure 5 . It was found that average HC emissions of blends were less than diesel. It is obvious that biodiesel blended fuel lowers HC emissions by 13%-22% than diesel fuel. The HC emissions can be reduced by the combustion quality improvement in biodiesel diesel blends due to the existence of excess oxygen atoms in biodiesel [47] . Similar results were reported by Mofijur et al. [37] . They explained that lower hydrocarbon emissions of moringa biodiesel-diesel occur because of higher oxygen contents of biodiesel fuel than diesel fuel. Also from the graph, it is seen that with increasing engine speeds, the HC emission decreases. Kegl et al. [48] presented similar results that both biodiesel and diesel fuels emit higher HC emissions when engines run at lower speeds. 
Conclusions
In this study, CPME is produced by a systematic procedure that started from crude oil mixing and ended by the transesterification process. Based on the findings, the following conclusions can be made: Engine speed (rpm) Diesel CPME 5 CIME 10 CPME 10 CIME 5 Figure 5 . Changes in Hydrocarbon (HC) emissions of diesel, CPME, and CIME blends with speeds.
In this study, CPME is produced by a systematic procedure that started from crude oil mixing and ended by the transesterification process. Based on the findings, the following conclusions can be made:
1.
The physicochemical properties of CPME meet ASTM D6751 and EN 14214 standards 2.
The blended fuel results in lower BTE and higher BSFC compared the diesel fuel because of its higher KV, density, and lower HHV.
3.
The use of blended fuel as a partial replacement of diesel significantly decreased the CO and HC emission, which is likely due to the fact that this blend promotes complete combustion whereas there is a slight increase in NO x emissions due to higher oxygen contents.
4.
Among the blends, CPME5 showed a better performance compared to the other blends.
Finally, it can be concluded the CPME blend has potential as a diesel engine alternative fuel to lower the harmful emission. Acknowledgments: The authors would like to acknowledge the University of Technology Sydney, Australia for supporting this research.
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Abbreviations
CIME
Calophyllum inophyllum methyl ester CIME5 5% Calophyllum inophyllum methyl ester + 95% of diesel CIME10 10% Calophyllum inophyllum methyl ester + 90% of diesel CPME Calophyllum inophyllum-palm oil methyl ester CPME5 5% Calophyllum inophyllum-palm oil methyl ester + 95% of diesel CPME10 10% Calophyllum inophyllum-palm oil methyl ester + 90% of diesel BSFC Brake Specific Fuel Consumption CO Carbon monoxides HC Hydrocarbon NO x Nitrogen oxides
